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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
 
© 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of PCF 2016. 
Keywords: High Pressure Turbine Blade; Creep; Finite Element Method; 3D Model; Simulation. 
 
 
 
* Corresponding author. Tel.: +351 218419991. 
E-mail address: amd@tecnico.ulisboa.pt 
Procedia Struc ural Integrity 2 (2016) 2726–2733
Copyright © 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license  
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer review under responsibility of the Scientific Committee of ECF21.
10.1016/j.prostr.2016.06.340
10.1016/j.prostr.2016.06.340
 
Available online at www.sciencedirect.com 
ScienceDirect 
Structural Integrity Procedia 00 (2016) 000–000  
www.elsevier.com/locate/procedia 
 
2452-3216 © 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of ECF21.  
21st European Conference on Fracture, ECF21, 20-24 June 2016, Catania, Italy 
Fatigu  crack development in a low-carbon steel.                 
Microstructure influence. Modelling  
Donka Angelova, Rozina Yordanova, Svetla Yankova 
University of Chemical Technology and Metallurgy, 8 St. Kliment Ohridski, Blvd., 1756 Sofia, Bulgaria 
 
Abstract 
Fatigue in a low-carbon steel with ferrite and pearlite microstructure is investigated through testing of three groups of specimens. 
Two of the groups consist of cylindrical specimens subjected to tension-tension and rotating-bending fatigue; in this case surface 
microstructurally-short crack propagation is monitored by acetate-foil replica technique. The third group of specimens includes 
flat specimens preliminary notched by FIB-technique and then subjected to pure-bending fatigue. The study is focused on 
examining of crack paths in terms of interaction between the propagating short cracks and the microstructure. The obtained data 
for pure-bend ng fatigue show higher crack growth rates and shorter fatigue lifet mes than those found for rotating-bending 
fatigue. In comparison, the registered tension-tension fatigue data present the lowest crack rowth rates, due to uch lesser 
loading than that applied at rotating-bending and pure-bending fatigue. Based on data obtained, a Parabolic-linear model “Crack 
growth rate – Crack length” is used for describing and predicting adequately short crack propagation under the specified three 
types of fatigue. The model is supported by a comparison between the predicted and the actual fatigue lifetimes.  
© 2016 The Authors. Published by Elsevier B.V. 
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1. Introduction 
In the present work investigations of microstructurally-short fatigue crack propagation are done at tension-tension 
(T-T), rotating- bending (RB) and pure-bending (PB) loading conditions in clarifying relationship between the 
typical features of the studied microstructure and the specific behaviour of crack growth through it. The 
microstructural features can act as stress raisers or can cause shielding effect at the crack tip. The microstructural 
barriers can reduce the effective driving force for crack propagation and that is why short crack growth is so 
microstructurally sensitive; all the variations in the microstructure surrounding the crack tip are responsible for its 
specific growth behaviour, Suresh (1998), Dowling (2006). Three different groups of specimens are used: two 
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1. Introduction 
In the present work investigations of microstructurally-short fatigue crack propagation are done at tension-tension 
(T-T), otating- bending (RB) and pure-bending (PB) l ading conditions i  clarifyi g relationship betwe  the
typical fe ures of the studied microstructure and the specific behaviour of crack growth through it. T
microstructural features can act as stres  aise s or can cau e shielding effect at the crack tip. The microstructural
barriers can reduce the effective driving force for cra k propagation and th is why short crack growth is so
microstructurally s nsitive; all the variations in the microstructure surrou ing he crack tip are esponsible for its
specific growth behaviour, Suresh (1998), Dowling (2006). Three different groups of specimen  are us d: two
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groups of hour-glass specimens for T-T and RB tests Angelova et al. (2009); one group of flat specimens for PB- 
tests notched by Focused Ion Beam (FIB) technique, Davidkov (2007), Davidkov and Pippan (2006). A plastic-foil 
replication is used for short fatigue-crack growth monitoring at T-T and RB fatigue and direct observation by 
optical- and SEM-microscopy at PB fatigue. The obtained data are presented by microstructural photos, plots 
“Crack length – Cycles” and “Crack growth rate – Crack length”; some comparisons between them are made and a 
new mathematical model of fatigue crack propagation is presented.  
2. Experimental procedure: Material. Specimens and testing  
A rolled low-carbon, low-alloyed steel, ROLCLAS, marked as 09Mn2 Steel (according to the Bulgarian 
Construction Steel Standard), used mostly for offshore applications and in shipbuilding, was subjected to tension-
tension, rotating-bending and pure-bending fatigue. The chemical composition of ROLCLAS and its mechanical and 
microstructural characteristics are given in Table 1. ROLCLAS was available in sheets of 8 mm thickness. Its 
microstructure revealed a sequence of long and uniform pearlite and ferrite bands, as shown in Fig. 1a. The bands 
are wider in the middle of the sheet but loose and thinner close to the surface.  
Table 1. Chemical Composition, Mechanical and Microstructural Properties of RLCLAS 09Mn2. 
Chemical Composition 
C, % Si, % Mn, % Cr, % Ni, % P, % S, % Cu, % Al, % As, % 
0,09 0,28 1,63 0,05 0,04 0,017 0,026 0,13 0,12 0,014 
Mechanical and Microstructural Properties 
Tensile Strength B, MPa Proof strength 0,2, MPa Cross section contraction, , % Hardness HB, MPa Average grain size, 10-6 m 
482 382 62,3 148 25,6 
Two groups of hour-glass specimens were under investigation: group A consisting of specimens for tension-
tension fatigue with geometry shown in Fig. 1b; and group B including specimens for rotating-bending  fatigue with 
geometry presented in Fig. 1c. A third group (group C) of flat specimens with shape and sizes shown in Fig. 1d was 
specially machined in the Erich Schmid Institute of Material Science, Leoben-Austria for microstructural 
investigations, Davidkov and Pippan (2006). Four micro-notches were machined by FIB technique in different 
position in the microstructure, Fig. 2a, 2b, and the notch geometry presented in Fig. 2c, 2d. Three of the notches 
were central (lying on the longitudinal axis of specimen and perpendicular to it) and located in-between the pearlite 
bands (notch 1 is very close to one of the pearlite band); the forth one was an edge notch aligned with the top notch 
from the group of the central notches. The distance between notches was 200 μm. 
The T-T tests were carried out on Amsler Fatigue Machine in the Institute of Metals Science, Bulgarian 
Academy of Sciences. The chosen loading conditions for a specimen from Group A were: applied stress range Δσ = 
396 MPa, stress ratio R = 0,1, frequency – 190 Hz. For RB- tests a table model Fatigue Rotating-Bending Machine, 
FATROBEM-2004 was used, designed and assembled in Fracture and Fatigue Laboratory in UCTM-Sofia, 
Davidkov (2007). The specimens from Group B were tested at stress ranges Δσ = 580 MPa and 620 MPa, applied 
stress ratio R = –1, frequency f = 11 Hz. The PB- tests ( with flat specimens of Group C) was carried out on Schenk 
Fatigue Machine in Erich Schmid Institute of Materials Science, Austrian Academy of Sciences, Leoben under 
constant stress control at: stress level 580 MPa, R = –1, f = 5Hz, Davidkov and Pippan (2006). The surface short-
crack propagation on the hour-glass specimens was monitored by acetate-foil replica technique during a fixed 
interval of fatigue cycles and observed on the replicas by an optical microscope for measuring registered surface 
crack lengths. The short fatigue-crack experiments with the flat specimens included interruptions of the test at every 
1000 cycles for (in-situ) examination of the specimen surface under optical and SEM-microscope. The crack lengths 
were measured by using an image analyzer, Davidkov and Pippan (2006).  
3. Results and Discussion 
Data  obtained  from the fatigue  experiments  with specimens  from Groups  A, B, C – the crack lengths a, at the  
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Fig. 1. Microstructure of cross section of ROLCLAS specimens (a), hour-glass fatigue specimens for tension-tension (b) and rotating-bending 
fatigue (c), flat fatigue specimen for rotating-bending fatigue (d); all dimensions are in mm. 
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Fig. 2. FIB- machined micronotches in a specimen of group C: central notches (a), edge notch (b); geometry of notches (c) and (d); cracks 
starting from notches under stress range 580 MPa (e); two parts of the fracturing crack accordingly to the axis perpendicular to the top central 
notch (f) - right part with cracks 1, 2 (started from the edge notch aligned with the top central notch) and crack 3 (started from the top central 
notch), and left part with crack 4 (started from the top central notch); crack bifurcations at points A and B. 
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corresponding numbers of cycles N are plotted as: 
- functions “Crack length, a – Number of cycles, N”, {a-N}, in log-log scale, shown in Fig. 3a; 
- functions “Number of cycles, N – Crack length, a”, {N-a}, in semi-log scale, N in log scale and a in ordinary 
scale; they are presented in Figs 3b, 4, 5, 6, 7a; 
- functions “Crack growth rate da/dN – Crack length a”, {da/dN -a}, in semi-log scale, N in log scale and a in 
ordinary scale; they are presented in Figs 3c, 3d, and Figs. 4, 5, 6, 7b. 
Propagation of those short cracks through the microstructure is presented in Figs 2e, 2f, 4, 5, 7a.  
The first analysis begins with the notched specimen from Group C. This specimen shows appearance of 8 cracks 
started from the notches, Figs 2e, 2f, Davidkov and Pippan (2006). Our main interest is focused on cracks 1, 2, 3, 4 
which fracture the specimen, Figs 2f, 3a. The longest crack is crack 2, which originates from crack 1 as its branch at 
15000 cycles. At this moment crack 1 has a length of 107,73 µm. After the bifurcation (point A in Fig. 2f) the crack 
2 grows faster than the other cracks during the rest of fatigue lifetime (Fig. 3c) and causes the specimen failure, 
merging with crack 3 which starts from the central notch 1. Even showing high growth rate during its propagation, 
Figs 3c, 3d, finally the crack 1 becomes a non-propagating crack that stops at 27000 cycles with a final length of 
367,36 µm. The central notch 1 is machined in the ferrite band, so that its right side is very close to the next pearlite 
band, Figs. 2a and 2f. Thus the crack 3 starts its growing through the pearlite band at the very early loading cycles 
without significant retardation. On the other side of notch 1 crack 4 begins its growing into the ferrite band; in the 
beginning its growth is slower than that of the crack 3. Afterwards both cracks continue to grow faster and faster 
through the microstructure having higher growth rate than those of the other central-notches cracks, Figs 3c, 3d. It 
can be clearly seen in Figs 3b, 3c, 3d, 7b that short fatigue crack growth data exhibits considerable fluctuations and  
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Fig. 3. Plots {a-N} for cracks from Groups A, B, C – T-T, RB, PB – (a); {N-a} for cracks 1, 2, 3, 4 from a Group C specimen – PB – (b); {da/dN -a} for all 8 cracks from a Group C specimen – PB – (c); {da/dN -a} for cracks 1, 2, 3, 4 from a Group C specimen – PB – (d); plots 
from (b), (c) and (d) show a coordinate system with N-axis located in the middle of the central notches specifying left and right crack propagation  
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scattering and alternating decreases and increases in crack propagation rates. This effect is caused by the interactions 
between the crack tip and associated microstructural obstacles, and the crack geometry. Such a behavior can be 
described by a Parabolic-Linear Model (PLM) functions presented in Figs 4, 5, 7b, Yordanova (2003), Angelova 
and Davidkov (2005). In more details, the highest growth rates belong to cracks 2 and 3 (Figs 3c, 3d) which merge 
with crack 4 and cause the specimen failure. Crack 2 starts its propagation as a branch of crack 1 relatively late; it 
shows the highest growth rate and has different behavior in comparison with all the other cracks. In the beginning 
crack 2 starts with permanently increasing growth rate reaching a length of 53,79 µm. At the same time all the other 
cracks show mostly decreasing growth rates due to an intensifying crack closure effect. In detail as it is described in 
Davidkov and Pippan (2006) the micronotch surfaces do not contact during the loading, hence in the beginning the 
propagating crack is open during the complete load amplitude (even at stress ratio R = -1); with the growth of crack 
length, new-generated fracture surfaces come to an effective contact and crack closure load increases.  
A careful examining of fracture-crack path (consisting of paths of merging cracks 1, 2, 3, 4) shows the following.  
Crack 1 starts from the edge notch, Fig. 2b, 2e, 2f, 4 and at a length of 68,11 µm it reaches an obstacle in the 
ferrite band that leads to decrease in its growth rate Davidkov and Pippan (2006). To overcome this obstacle crack 1 
changes its direction at almost 90 degrees. Five thousand cycles later when it reaches a length of 107,73 µm, a 
branch appears as crack 2, Fig. 4. Even when crack 1 shows steep slope on its growth curve (Fig. 3a, 3b, 4), and has 
significantly high growth rate before the appearance of crack 2 (Fig. 3c, 3d, 4), finally it stops without any further 
propagation. At the same time crack 1 does not have pronounced growth-rate decreases, traversing the 
microstructure, because of its start from the edge notch and its propagation in an area close to the specimen surface, 
where the microstructure does not have well defined ferrite-pearlite bands and looks more homogeneous, Fig. 1a. 
Although the crack 2 shows the highest growth rate there are some large slowdowns during its propagation, Fig. 4. 
These slowdowns can be associated with crack entrances into the pearlite structure. Anyhow, at a length of 467,43 
µm its growth stops; at this point crack 2 leaves a pearlite band and enters into a ferrite band. This behaviour with 
that of crack 4 (Fig. 5) is an example for crack retardation when it approaches the immediate vicinity of the strong-
week (pearlite-ferrite) metal interface. According to Pippan and Flechsig (2000) the driving force of crack 
propagation in such a non-uniform material is not only depends on crack length, applied load, geometry of 
microstructural elements, but also on the physical properties of the different phases and their geometrical 
arrangement. Cracks 1-8 exhibit relatively high growth rates traversing a pearlite band. It shows that 
microstructurally short fatigue cracks can sometimes propagate faster in the mechanically stronger material which in 
this case is the pearlite phase, Davidkov and Pippan (2006). Crack 3 starts its growth immediately from the central 
notch 1 into a pearlite band while the other cracks start propagation into the ferrite grains, Figs 2f, 5. Its initial 
growth rate is not quite different than those of the other cracks how it can be seen in Figs 3c, 3d, 5. It seems that 
there is no difference in the initial crack growth rate, if the crack starts either in the pearlite or in the ferrite structure. 
Crack 3 shows slowdowns either starting its growing into a pearlite band or having its direction changed when 
passes trough a ferrite band; some slowdowns can be observed later when the crack approaches the next pearlite 
band and shows increasing growth rate inside it Davidkov and Pippan (2006). Crack 4 starts from the central notch 
1 and its microstructural path through the ferrite-pearlite microstructure is shown in Fig. 5. After a considerable 
retardation in front of the pearlite bands the crack enters into a wide pearlite band. Since this happens, the crack 
growth rate da/dN increases rapidly and reaches its highest values during the whole fatigue lifetime. The high 
growth rate is caused by a row of nonmetal inclusions which are used by crack 4 for easier propagation along them, 
even when they are perpendicular to its propagation. Such nonmetal inclusions consist of plastic MnS which has 
been preliminary deformed during the hot rolling process of the studied steel.   
All the minimums of crack growth rates in Figs 4, 5 are connected by arrows with the corresponding elements of 
the microstructure which slow down cracks’ propagation. The same elements are connected by other arrows with the 
corresponding crack lengths from the newly inserted Plot {N –a}, built in semi logarithmic scale to correspond to 
crack growth through the microstructure. In both figures there is an example of a perpendicular dash line to the a-
axis, which connects a minimum of the crack growth rate from the Plot {da/dN –a} with the corresponding crack 
length from the Plot {N –a}. The dash line is a resulting line which is connected with the projection (on the a-axis) 
of the real crack length (between two successive interruptions of the cycles); usually crack propagates at an angle to 
the a-axis. Only in the case when the real crack length between two successive interruptions of the cycles is zero, 
(the crack is perpendicular to the a-axis) the resulting dash line coincides completely with the two arrows, Fig. 5.  
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Analyzing all fractured specimens [Group C (Figs 4, 5)], [Group B (Fig. 6)] and [Group A (Fig. 7a)] two 
important things has to be marked: (1) All crack-growth-rate minimums from the Plot {da/dN –a}, connected by 
resulting lines (dash lines) with the corresponding crack lengths from the Plot {N –a} show change in direction of 
propagating crack presented in the {N –a} Plot that is inserted to correspond to crack growth through the 
microstructure. So when there are not direct observations of cracks’ propagation through the microstructure, the 
combined plots “Crack growth rate da/dN – Crack length a” & “Number of cycles, N – Crack length, a”, {da/dN – a 
& N –a}, can give information about presence of some microstructural obstacles or elements Angelova et al. (2015), 
Figs 6, 7a. It is of special interest for the interval from crack initiation to crack length coinciding with the first 
microstructural barrier d1, Figs 4, 5 as in this interval the influence of microstructure on crack propagation is the 
most pronounced one; the interval between d1 and d2 (Fig. 6) is interesting too, as in this interval cracks change their 
mode from shear to tensile. In this sense Fig. 4 includes only one deep minimum which coincides with d1; all the 
other minimums marked by the previous five dash lines do not influence significantly crack 2 propagation, as they 
belong to the primary growth of crack 1, from which crack 2 branches at the fifth minimum (107,73 µm). In the 5-
minimums interval, crack 1 develops from the edge notch and is not so sensitive to the influence of the 
microstructure; 
(2) When cycle intervals (Nm and Nm+1) between measuring of two successive crack lengths (am and am+1) are equal 
and (am+1-am) is significantly bigger in comparison with the other crack length intervals, that means that there is 
probably a real change in crack propagation direction and it is near to 900, (see the interval [100 – 200] µm in Fig. 
5). To describe mathematically fatigue data from the presentation {da/dN –a} in semi-log scale, a Parabolic-Linear 
Model proposed in Yordanova (2003) is shown in Fig. 8b (Group C). The adequacy of the model is accordingly 
proved, Yordanova (2003). 
 
Fig. 4. Microstructural paths of cracks 1 and 2 (Group C) with its corresponding growth rates, propagation in N-a terms, PLM shown in Fig.7b. 
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significantly high growth rate before the appearance of crack 2 (Fig. 3c, 3d, 4), finally it stops without any further 
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propagation in such a non-uniform material is not only depends on crack length, applied load, geometry of 
microstructural elements, but also on the physical properties of the different phases and their geometrical 
arrangement. Cracks 1-8 exhibit relatively high growth rates traversing a pearlite band. It shows that 
microstructurally short fatigue cracks can sometimes propagate faster in the mechanically stronger material which in 
this case is the pearlite phase, Davidkov and Pippan (2006). Crack 3 starts its growth immediately from the central 
notch 1 into a pearlite band while the other cracks start propagation into the ferrite grains, Figs 2f, 5. Its initial 
growth rate is not quite different than those of the other cracks how it can be seen in Figs 3c, 3d, 5. It seems that 
there is no difference in the initial crack growth rate, if the crack starts either in the pearlite or in the ferrite structure. 
Crack 3 shows slowdowns either starting its growing into a pearlite band or having its direction changed when 
passes trough a ferrite band; some slowdowns can be observed later when the crack approaches the next pearlite 
band and shows increasing growth rate inside it Davidkov and Pippan (2006). Crack 4 starts from the central notch 
1 and its microstructural path through the ferrite-pearlite microstructure is shown in Fig. 5. After a considerable 
retardation in front of the pearlite bands the crack enters into a wide pearlite band. Since this happens, the crack 
growth rate da/dN increases rapidly and reaches its highest values during the whole fatigue lifetime. The high 
growth rate is caused by a row of nonmetal inclusions which are used by crack 4 for easier propagation along them, 
even when they are perpendicular to its propagation. Such nonmetal inclusions consist of plastic MnS which has 
been preliminary deformed during the hot rolling process of the studied steel.   
All the minimums of crack growth rates in Figs 4, 5 are connected by arrows with the corresponding elements of 
the microstructure which slow down cracks’ propagation. The same elements are connected by other arrows with the 
corresponding crack lengths from the newly inserted Plot {N –a}, built in semi logarithmic scale to correspond to 
crack growth through the microstructure. In both figures there is an example of a perpendicular dash line to the a-
axis, which connects a minimum of the crack growth rate from the Plot {da/dN –a} with the corresponding crack 
length from the Plot {N –a}. The dash line is a resulting line which is connected with the projection (on the a-axis) 
of the real crack length (between two successive interruptions of the cycles); usually crack propagates at an angle to 
the a-axis. Only in the case when the real crack length between two successive interruptions of the cycles is zero, 
(the crack is perpendicular to the a-axis) the resulting dash line coincides completely with the two arrows, Fig. 5.  
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Fig. 5. Microstructural path of cracks 3 and 4 (Group C) with its corresponding growth rates, propagation in in N-a terms, PLM shown in Fig.7b. 
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Fig. 6. Combined plots {da/dN – a & N –a} for Group B in semi-log scale – presentations for the whole length of the major crack: 
at Δσ = 580 MPa (a); at Δσ = 620 MPa (b); d1 and d2 are the microstructural barriers in the PLM proposed in [6]. 
4. Conclusions  
Three groups of specimens made of a low-carbon steel with ferrite and pearlite microstructure are subjected to 
tension-tension, rotating-bending and pure-bending fatigue. The obtained data at pure-bending fatigue show higher 
crack growth rates (dominated by the interaction with ferrite and pearlite grain boundaries and interfaces, ferrite 
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grains, pearlite colonies and non-metal inclusions) and shorter fatigue life in comparison with the specimens 
subjected to rotating-bending fatigue. Crack propagation rates decrease in the vicinity of (i) interface between ferrite 
and pearlite bands when a crack propagates into the ferrite or pearlite colony, and (ii) ferrite-ferrite or pearlite-
pearlite grain boundary, (iii) obstacles, where a crack changes its propagation direction or bifurcates. Rows of 
longitudinal nonmetal inclusions (MnS) increase crack growth rate serving as crack paths. The registered tension-
tension fatigue data present the lowest crack growth rates, due to much lesser loading than that applied at rotating-
bending and pure-bending fatigue. 
The newly inserted Plots “Number of cycles, N – Crack length, a” in semi logarithmic scale are a basis for using 
combined presentations Microstructure & “Crack growth rate da/dN – Crack length a” & “Number of cycles, N – 
Crack length, a” for more successful analyzing of microstructural crack paths together with fatigue characteristics; 
also for getting some useful information even without detailed microstructural observations. 
The applied Parabolic-linear model can describe and predict adequately short crack behaviour under conditions 
of tension-tension, rotating-bending and pure-bending fatigue; it allows comparison between fatigue characteristics 
at different kind of loading. 
a                                                                                         b 
 Fig. 7. Microstructural crack propagation and Combined plots {da/dN – a & N –a} in semi-log scale for Group A – presentation for the whole 
length of the major crack at Δσ = 396 MPa (a); PLM for Group C, (b); d1 and d2 are the microstructural barriers, [6]. 
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